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�
Jp�éØ�N+��ì�ó�ªÇ!ÑÑõÇ±9=��Ç, (Ün­¶�éØ�N+Úõ5�N+
�A:, æ^n�>^âf�[^�©Û��O
ó�3 X Åã��óÀÓ¶õ5�éØ�N+��ì,ÏL`z
�Ok�/³�
 X Åã�óÀ�éØ�N+��ì�g-��, ;�
óÀ áy���), ¦ X Åã�éØ�
N+��ì3�óÀG�eU
­½ó�, 35\�ÅõÇ� 70 kW!åØ� 600 kV!å6� 5 kA!¶�Ú�^
aArÝ� 0.8 T �^�e, ÑÑ�ÅõÇ��
 1.23 GW, �Ç� 41%, OÃ� 42 dB.

'�c: �éØ�N+��ì, X Åã,Ó¶õ5, óÀ á

PACS: 84.40.Fe, 41.20.−q, 41.20.jb, 52.59.Ye

1 Ú ó

�éØ�N+��ì (relativistic klystron am-

plifier, RKA) ´�a�~­��põÇ�Åì�,

3\�ì!põÇX��+�þ��
2��
uÐÚA^ [1,2]. 3 RKA ¥Ñ\�Å3Ñ\n
�^mY-uå�Å|, ¢yé>få�N�,

N��>få2ÏL¥mn¢y?�Ú�N�,

��3ÑÑn¥�U, ¢y�ÅÑÑ. Ù`:´
ÔnL§{ü, ��n�m�Å�¤£+�ä,

g - � � � L § ´ u ³ �. � ´ é u ~ 5 ( �
� RKA, du�m>Ö��6, é�½(�º�
�¤£+�3DÑå6�þ�� [3]; ,��¡
¤ £ + L é ó � ª Ç ? � � Å � �, Ï d p ª
ã RKA �¤£+�»é�, ��
~5(� RKA

��pó�ªÇÚ�pÑÑõÇ���uÐ. �

Jp RKA �ó�ªÇ�ÑÑõÇþ�, Fried-

man � [4] JÑ 
 n ­ ¶ � é Ø � N + � � ì

(tri-axial relativistic klystron amplifier, TRKA). nØ
þ, ��Ó¶¤£+S	�Nmåv
�, TRKA

Ò�±��¤k�î^Å, Ï
Ùó�ªÇvk
þ�, =éupªã TRKA �U
æ^���¤
£+�», l
�JpDÑå6�þ��. �´�
�»� TRKA ØU
��î>^Å9p��î>
Å, N´�)g-��, ¦�¢��Ç�$ [5]. �

Jp RKA �ó�ªÇ!ÑÑõÇ±9=��
Ç, �©(Ü TRKA Úõ5 RKA �A:, �[�
O
ó�3 X Åã��óÀÓ¶õ5 RKA, ¿é
Ó¶(���Î(�¥>få��m>Ö��6
Ú�J����Uþ=��Ç?1é'©Û, ©Û
(JL²Ó¶(�äk�p��m>Ö��6, ¿
��k|u>fåUþ=���ÅUþ, �±J
p RKA �=��Ç. æ^n�>^âf�[^�
éó�ªÇ� 9.37 GHz �Ó¶õ5 RKA �pª
XÚ?1
`z�O, k�/³�
 X Åã�ó
À RKA �g-��, ;�
óÀ áy���),

¦ X Åã RKA 3�óÀG�eU
­½ó�, �
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[¢y
 X Åã RKA �óÀ GW ?��ÅõÇ
ÑÑ.

2 >få3¤£+¥��m>Ö�
�6

>få3�Î¤£+ÚÓ¶¤£+¥�DÑ

�.Xã 1 ¤«, >få3p�Ú�^|��^e
3¤£+¥DÑ, r = rb1, r = rb2 ©O�>få�
S	�», r = ri , r = rw ©O�¤£+�S	�
», ¿�¤£+S	�Nþ�/.

�½>få�>Ø� V0, >få�å6� I0,

å6�>Ö�Ý� ρ0,Ó¶¤£+S�N	L¡�
aA>Ö¡�Ý� σ0, éuÓ¶(�dpd½Æ9
>.^���n�«�S�>³©Ù�:

ã 1 >fåDÑ�. (a) �Î¤£+; (b)Ó¶¤£+

3 ri < r < rb1 �«�,

ϕ1(r) =
riσ0

ε0
ln

ri

r
; (1)

3 rb1 < r < rb2 «�,

ϕ2(r) = − ρ0

4ε0
r2 −

−ρ0r
2
b1 + 2σ0ri

2ε0
ln r

+
ρ0(r2

b2 − r2
b1) + 2σ0ri

2ε0
ln

rw

rb2

+
ρ0

4ε0
r2
b2 −

−ρ0r
2
b1 + 2σ0ri

2ε0
ln rb2; (2)

3 rb2 < r < rw «�,

ϕ3(r) =
ρ0(r2

b2 − r2
b1) + 2σ0ri

2ε0
ln

rw

r
. (3)

(1), (2), (3) ª¥ ε0 �ý�0>~ê, d³¼ê
3 r = rb1 ?ëY�^�, ϕ1(rb1) = ϕ2(rb1) ��
�S�N	L¡�aA>Ö¡�Ý σ0 �å6�>
Ö�Ý ρ0 �m�'Xª�

σ0 =

ρ0(r2
b2 − r2

b1)
4

− ρ0r
2
b1

2
ln rb2

rb1
+

ρ0(r2
b2 − r2

b1)
2

ln
rw

rb2

ri ln
ri

rw

. (4)

�âUþÅð½Æ, 3å6��¡þ, >fÄ
UÚ³U�ÚAT�u>f�Ð©5\Uþ, =

(γ0 − 1)m0c
2 + |eϕ2(r)| = (γinj − 1)m0c

2, (5)

ª¥ γ0 ��éØÏf, m0 �>f�·��þ, e �
>f�>Öþ, c �ý�¥�1�, γinj �>fÐ©
5\�8�zUþ. É��m>Ö|�^�>f�
�Ý v0 �

v0 = c

(
1 − 1

γ0

)1/2

= c

[
1 −

(
γinj −

|eϕ2(r)|
m0c2

)−2
]1/2

. (6)

�
¦¯K{z, �ÄÃ��>få��¹,

d�é (4) ª¦4�, �z{�

σ0 = −
I0 ln

rw

rb2

2πv0ri ln
rw

ri

. (7)

>f�³U Ep �

Ep = |eϕ(rb2)|
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=
|eI0|

2πε0v0

(
1

ln
rb2

ri

+
1

ln
rw

rb2

)−1

. (8)

3 r = rb2 ?, d (5) ª Ú (8) ª � � X e
'Xª:

eϕ(rb2)
m0c2

√
1 −

(
γinj −

eϕ(rb2)
m0c2

)−2

=
e

2πε0m0c3
I0

(
1

ln
rb2

ri

+
1

ln
rw

rb2

)−1

. (9)

éu�½�5\Uþ γinj ±9¤£+�S	

�», (9) ª�>Ü©�±w¤´
eϕ(rb2)
m0c2

�¼ê,

-Ù�ê�", �¦Ñ�
eϕ(rb)
m0c2

= γinj − γ
1/3
inj �,

(9) ª�>Ü©��4��� (γ2/3
inj − 1)3/2, d��

A�>6=�Ã���%>få3Ó¶¤£+¥
��m>Ö��6

Iscl =
2πε0m0c

3

e

(
1

ln
rb2

ri

+
1

ln
rw

rb2

)

× (γ2/3
inj − 1)3/2. (10)


�%¤£+¥�Ã���%>få��m
>Ö��6� [6]

Iscl =
2πε0m0c

3

e

(
ln

rw

rb2

)−1

(γ2/3
inj − 1)3/2. (11)

�¤£+�	�» rw ��, ¿�>få��
»����, 3�O�ëê^�e, ü«(�¥>
få��m>Ö��6 Iscl �>få>Ø V0 �C
zXã 2 ¤«.

ã 2 �m>Ö��6�>få>Ø�Cz

d (10) ª� (11) ª�é'±9ã 2 ��, >f
å3Ó¶¤£+¥��m>Ö��6��uÙ3
�Î¤£+¥��m>Ö��6.

d (6) ª�±í�Ñ>fåBLÓ¶¤£+

ØE¤>f����$Uþ γmin �:

Ó¶¤£+,

γ
2/3
min =

(
Ipeak/8.5kA · (1/ ln(rb2/ri)

+ 1/ ln(rw/rb2))
)2/3

+ 1; (12)


�Î¤£+� γmin � [6]

γ
2/3
min =

(
Ipeak

8.5kA
ln

rw

rb2

)2/3

+ 1. (13)

(12) ª� (13) ª¥ Ipeak ��)>få�6>6Ú
�ª>6�¸�>6.

3ÑÑn¥>fåUþ=���ÅUþ�=
��Ç η0 � [6]

η0 =
m0c

2I1

2eV0I0
k(γinj − γmin), (14)

þª I1 �ÄÅN�å6, k �ÑÑn�J
��Ç. 3�½�(�ëêe, �>få>Ø V0

� 600 kV, ÄÅå6N��Ý I1/I0 � 100%, ÑÑ
n�J��Ç k � 50%�, ü«(��Uþ=�
�Ç η0 �>fåå6 I0 �CzXã 3 ¤«. éu
>fåå6� 5 kA ��¹, �Î(��=��Ç
� 35.2%, 
Ó¶(��=��Ç� 41.2%. d (12)

ª� (13) ª±9ã 3 ��, >fåBLÓ¶¤£+
¤I���$Uþ�uÙBL�Î¤£+¤I�
��$Uþ, l
¦�Ó¶(���ÅJ�näk
�p�=��Ç.

ã 3 =��Ç�>få>6�Cz

3 X ÅãÓ¶õ5 RKA ��[�O

��Î(��'�, 3�Ó�	»º�eÓ¶
(�äk�p��m>Ö��6±9�k|u>
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fåUþ=���ÅUþ, �±Jp RKA �ÑÑ
�Ç, Ïd�Oæ^Ó¶(�� RKA, ¿æ^n�
>^âf�[O�^�éÓ¶õ5 RKA ?1âf
�[ïÄ, éu RKA ��[�O, TO�^��[
O����(J�¢�(Jé�C [7].

Ð©�O�, �Ä�¢�¿yk� X Åã�Å
«f
ÑÑõÇ=k 70 kW, ÑÑõÇ��, �

Jp RKA �OÃÚÑÑõÇ, æ^ü�¥mn(
� [8], n�âf�[�.�p�¿¡ãÚ¤£+�
î�¿¡ã±9å6;,Xã 4 ¤«, ò>få©
�
 8 å.

ã 4 nN¿¡ãÚ¤£+�¡9âf;, (a) nN Y –Z

¿¡ã; (b) ¤£+ X–Y �¡9âf;,

n � â f � [ � ë ê �: Ñ \ � Å õ Ç
� 70 kW, Ñ \ � Å ª Ç � 9.37 GHz, å Ø
� 600 kV, å 6 � 5 kA, ¶ � Ú � ^ a A r Ý
� 0.8 T, ¿�Ú�^|�«��)Ò4. due
��ã8II¦I� X Åã RKA ÑÑ�Å�k
�óÀ°Ý�u 100 ns, Ïdé�óÀó�G�e
� RKA ?1
�[�O, ÑÑ�Å Pout ��m t

�CzXã 5 ¤«.

dã 5 ��ÑÑ�Å�õÇ� 1.1 GW, �d�
ÑÑ�Å�3'�î­�óÀ áy�, k��ó
À°Ý�k 80 ns, �Ø��O��¦. é t = 120 ns

��>f��mã?1*ÿ, Xã 6 ¤«,ã¥� a,

b, c ©OéAü�¥mn±9ÑÑnmY� �.

dã 6 ��, d��3éî­�>f��¯K.Ó

�éÑ\n�ÅÑ\à�mY�>Ø Vin ?1i
ÿ, ¿�ªÌ©Û, Ñ\n�ÅÑ\mY�>ØÅ
/±9ªÌ©ÛXã 7 ¤«.

ã 5 ÑÑ�Å��m�Cz (a) �ÅÅ/; (b) �ÅõÇ

ã 6 >f��mã

dã 7 ��3�m t �u 80 ns �, Ñy
��
y�, dªÌ©Û�(J��ü�Ì����ªÇ
¸ ©O� 5.42 GHz Ú 18.74 GHz, Ù¥ 18.74 GHz

� RKA ó�ªÇ���ª. éÑ\n���ª?
1©Û, uy 5.42 GHz �,����þ!�ª��
�ªÇ. éü�¥mn±9ÑÑnåÅp�^mY
�>Ø?1iÿ, uyÙmY>Øþ'�p, �C
>få�>Ø, ¿�d t = 120 ns �>f��mã
��, >få3²L¥mn±9ÑÑnmY�þu
)
�½þ�>f�=, �=�>f3¶�Ú�^
|��åe¬²L¥mnq£�Ñ\n, >f3�
�²L¥mnÚÑ\nmY�¬É��g�Å�

128401-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 128401

N�, 
¤�O¤£+���ªÇ� 10 GHz, é�
g�Å´Ø���, Ïd´/¤g-��, l
¦
ì�Ã{�~­½ó�.

ã 7 �ÅÑ\mY>Ø (a) >ØÅ/; (b) >ØªÌ

�
¦ X Åã RKA U
3�óÀG�e­½
ó�, é RKA �pªXÚ?1
`z�O. 1) æ^
���»�¤£+(�, d�c�nØ©Û��,

O� RKA �¤£+�»Ú>få��»�±~�
>f�³U, O�>f�ÄU, K3�Ó�mY>
Ø�¹e, �±~���>f�êþ. 2) O�>f
å�þÝ, ±~�>få��m>Ö�Ý, l
~
f�m>Ö�A�K�. 3) æ^nN���L�
Ñ\n, ¦ÍÜ��lp�^mY, nN�	»�
S»�\�C, ±B~�ÍÜ�éÑ\nåÅp�
^mYó��ª�K�, ³����þ!�ª�ï
á [9]. 4) �æ^��¥mn(�, ¿�Ñ\nÚ¥
mnæ^ØÓn��ó��ª±~f RKA ¥>f
å��ÅN�, l
³�g-����), Ó��

�y X Åã RKA �OÃÚ�ÅÑÑõÇ, ò>
få©�
 12 å, ±ü$>få��6Xê,Ó�
é��n�mYº��(�?1`z [10], �y>
få�N��Ý. `z�O X Åã RKA �p�¿
¡ãÚ¤£+�î�¿¡ã±9å6;,Xã 8

¤«.

n�âf�[¤�½�ëê��c�ëê�
Ó. ÑÑ�Å Pout ��m t �CzXã 9 ¤«.

ã 8 nN¿¡ãÚ¤£+�¡9âf;, (a) nN Y –Z

¿¡ã; (b) ¤£+ X–Y �¡9âf;,

ã 9 ÑÑ�Å��m�Cz (a) �ÅÅ/; (b) �ÅõÇ

ã 10 >f��mã

dã 9 ��`z�O�� RKA 3 120 ns �
� m S U 
 ¢ y � Å � ­ ½ Ñ Ñ, v k Ñ y ó
À áy�, ÷v�O��¦. ÑÑ�Å�õÇ
� 1.23 GW.Ó�éé t = 120 ns ��>f��m
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ã?1*ÿ, Xã 10 ¤«. dã 10 ��d�=3
ÑÑnmY�3�þ�>f��. éÑÑn�ÅÑ
ÑmY?�>Ø Vout ?1iÿ, Xã 11 ¤«.

ã 11 �ÅÑÑmY>Ø (a) >ØÅ/; (b) >ØªÌ

dã 11 ��ÑÑ�ÅªÌéX, vkÙ¦�
,ª©þ.

4 ( Ø

©Û
Ó¶(���Î(�¥>få��m
>Ö��6Ú�J����Uþ�Ç, ©Û(J
L²Ó¶(��k|u>fåUþ=���ÅU
þ, �±Jp RKA �=��Ç. (Ü TRKA Úõ
5 RKA �`:, æ^n�>^âf�[^�éó
�ªÇ� 9.37 GHz � X Åã�óÀÓ¶õ5 RKA

?1
�[ïÄ, ¿ÏL`z�Ok�³�
 RKA

�g-��, ;�
óÀ áy���), ¦ RKA

3�óÀG�eU
­½ó�, 3Ñ\�ÅõÇ
� 70 kW!Ñ\�ÅªÇ� 9.37 GHz!>fåå
Ø� 600 kV!å6� 5 kA!¶�Ú�^aArÝ
� 0.8 T �^�e, ÑÑ�ÅõÇ��
 1.23 GW,

�Ç� 41%, OÃ� 42 dB. �Y�¢�ïÄ�3?
1¥.
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Analysis and design of X-band coaxial multi-beam
relativistic klystron amplifier

Liu Zhen-Bang1)2)† Jin Xiao2) Huang Hua2) Chen Huai-Bi1)

1) ( Department of Engineering Physics, Tsinghua University, Beijing 100084, China )

2) ( Institute of Applied Electronics, China Academy of Engineering Physics, Mianyang 621900, China )

( Received 22 September 2011; revised manuscript received 1 November 2011 )

Abstract

The space charge limiting current in cylinder drifting tube and coaxial drifting tube and the energy that could be obtained and

also the restrict magnetic field are analyzed, and the results show that it is propitious to change the energy of electron beam into

microwave power in the coaxial conduit. The advantages of the tri-axial relativistic klystron amplifier and the multi-beam klystron

amplifier are analyzed, then an X-band coaxial multi-beam relativistic klystron amplifier is designed by using a three-dimensional

particle simulation software, and the transmition and the bunching of electron beam are analyzed. A 1.23 GW averaged microwave

power over the oscillator period is generated by simulation with 600 kV electron beam voltage, 5 kA current and 0.8 T leading magnetic

field density, the frequency is 9.37 GHz and the efficiency is 41%.

Keywords: relativistic klystron amplifier, X-band, coaxial multi-beam, pulse shortening
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